We have previously reported that obesity attenuates pulmonary inflammation in both patients with acute respiratory distress syndrome (ARDS) and in mouse models of the disease. We hypothesized that obesity-associated hyperleptinemia, and not body mass per se, drives attenuation of the pulmonary inflammatory response and that this effect could also impair the host response to pneumonia. We examined the correlation between circulating leptin levels and risk, severity, and outcome of pneumonia in 2 patient cohorts (NHANES III and ARDSNet-ALVEOLI) and in mouse models of diet-induced obesity and lean hyperleptinemia. Plasma leptin levels in ambulatory subjects (NHANES) correlated positively with annual risk of respiratory infection independent of BMI. In patients with severe pneumonia resulting in ARDS (ARDSNet-ALVEOLI), plasma leptin levels were found to correlate positively with subsequent mortality. In obese mice with pneumonia, plasma leptin levels were associated with pneumonia severity, and in obese mice with sterile lung injury, leptin levels were inversely related to bronchoalveolar lavage neutrophilia, as well as to plasma IL-6 and G-CSF levels. These results were recapitulated in lean mice with experimentally induced hyperleptinemia. Our findings suggest that the association between obesity and elevated risk of pulmonary infection may be driven by hyperleptinemia.
Introduction
Pulmonary infection is the ninth leading cause of death (1) , and accounts for greater than $40 billion/year in direct and associated costs in the US alone (2) . Despite initial gains in the late 19th through mid-20th centuries, recent efforts to further reduce the morbidity and mortality associated with bacterial and viral infection have been largely ineffective (3) . Recent epidemics, such as the pandemic (pH1N1) influenza outbreaks, have highlighted the continued threat of emerging pathogens for which we have few if any effective treatments.
Epidemiological studies suggest that, in addition to pathogen prevalence and virulence, host factors play a critical role in determining both susceptibility to and outcome from pulmonary infections (4) (5) (6) . Yet, our understanding of these factors remains limited. In this era of increased antibiotic resistance and novel pathogens, there is a pressing need to identify therapeutic approaches that may restore or enhance host defenses in at-risk populations. Several well-described immunocompromised states (e.g., chemotherapy-induced neutropenia, AIDS), the presence of underlying lung disease, smoking, alcoholism, and the extremes of age (4, (7) (8) (9) are associated with elevated risk for pneumonia. Some recent studies have demonstrated associations between obesity and risk for both bacterial and viral pneumonias, as well as increased disease severity and mortality (6, 10, 11) . However, others have suggested a protective effect of increasing BMI on mortality in this setting (12, 13) . Reasons for this inconsistency remain unclear. Studies in murine models of obesity have shown failure to contain both influenza (14, 15) and bacterial (16, 17) pneumonias with consequent lung injury and death. Subsequent work examining influenza has focused on the role of altered adaptive immune response in obesity (18) (19) (20) (21) . Our previous studies have revealed obesity-associated defects in the immune response to lung injury in patients with ARDS (22) , and we have replicated these findings
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in obese mouse models of lung injury, in which both the inflammatory cytokine response and development of airspace neutrophilia are attenuated (23) . Many of the effects of obesity have previously been ascribed to the development of a baseline proinflammatory state, yet levels of circulating inflammatory cytokines are only mildly elevated (24) compared with the levels typically thought to induce immune paralysis states such as seen with sepsis (25) . The dysregulation of adipokines in obesity, however, can be quite severe. The adipokine leptin, for which leukocytes express receptors, is found in extremely high levels in obesity (10-to 50-fold increase compared with lean individuals; refs. 26 and 27) . Interestingly, several host factors that have also been inconsistently associated with pneumonia risk, including pregnancy (6), diabetes (28) , and chronic renal failure (29) , are also associated with hyperleptinemia (30) (31) (32) (33) (34) (35) (36) (37) (38) . The inconsistency of these associations may reflect the variability of leptin levels in these conditions as studied, raising the possibility that chronic hyperleptinemia may impair immune function.
We hypothesized that obesity-associated hyperleptinemia, and not body mass per se, is linked to an impaired response to pulmonary pathogens and an increased susceptibility to infections. In this study, we present evidence that elevated circulating leptin levels are correlated with an increased risk and severity of respiratory infection, regardless of BMI in both humans and mouse models.
Results
Hyperleptinemia is independently associated with increased risk of respiratory infection in the general population. The National Health and Nutrition Examination Survey III (NHANES III) database was used to test the association between host factors and annual risk of pulmonary infection. In univariate logistic regression on subjects with complete data (n = 30,818), age (P < 0.0001), female gender (P < 0.0001), race (P = 0.0003), and smoking status (P = 0.0003) were found to correlate significantly with the annual risk of infection (Table 1) , concordant with previous studies (4, 39) . Similar examination of metabolic variables showed associations between pulmonary infection and BMI (P < 0.0001), glycosylated hemoglobin (HbA1c, P < 0.0001), and renal function (creatinine clearance, P < 0.0001) ( Table 1) , but neither diabetic status per se nor lipid profile (triglycerides, total cholesterol, LDL, or HDL) were found to be associated.
Further analysis of a smaller subset of this cohort in which plasma leptin levels were measured (n = 6,252) revealed a significant association between leptin and respiratory infection (odds ratio [OR] = 1.109 per ng/ml; 95% CI 1.003, 1.034; P = 0.019) while controlling for age, sex, BMI, social status, smoking, diabetes, and renal function ( Table 2) . Several metabolic variables were positively associated with leptin levels in this cohort, including BMI (P < 0.0001), HbA1c (P < 0.0001), and renal function (P < 0.0001), as has been reported in previous studies. Interestingly, these same metabolic variables were associated with respiratory infection in the larger cohort but not in the smaller cohort, which controlled for leptin. These same associations have previously been shown to be variable in other small cohorts (11, 28, 29) . Together, these findings suggest the possibility that the effects of these variables on respiratory infection are mediated by leptin. We also examined the incidence of urinary tract infections in the cohort in which leptin levels were measured. Although the risk for urinary tract infection was associated with serum leptin levels in univariate analysis (Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/jci. insight.82101DS1), it was not in multivariate analysis, suggesting that high leptin levels may be associated specifically with respiratory infection but not other infections.
Hyperleptinemia is associated with increased risk of death in patients with severe pneumonia. We next examined whether leptin levels might be associated with outcomes in critically ill patients with pneumonia. We determined plasma leptin levels in banked samples of critically ill patients with ARDS due to pneumonia (n = 147) who had been enrolled in the ARDSnet/ALVEOLI study of high vs. low PEEP ventilation strategy (40) . High circulating leptin levels at day 1 of enrollment were associated with increased mortality (OR = 1.3142 per log leptin; 95% CI= 1.0163, 1.6996; P = 0.037) when adjusted for BMI, gender, disease severity (based on the APACHE II ICU mortality prediction score), and diabetic status. Interestingly, when analyzing the entire cohort, including patients without pneumonia (n = 385), no association was found. Furthermore, elevated leptin levels at enrollment were found to correlate with the diagnosis of pneumonia as the identified risk factor for developing ARDS in the cohort as a whole (OR = 0.616; 95% CI = 0.0875, 1.1447; P = 0.022; n = 385).
Plasma leptin levels are more strongly correlated with lung bacterial burden than body weight in a mouse model of obesity. We next investigated whether the observed associations between hyperleptinemia and pneumonia risk and severity could be replicated in animal models of obese pneumonia. We examined Klebsiella pneumoniae (K. pneumoniae) infection in a diet-induced obesity (DIO) mouse model (23) to mimic human obesity and pneumonia. Pneumonia severity, as measured by whole lung bacterial CFU at 48 hours, was increased in the obese mice as a group ( Figure 1A) . The association between plasma leptin levels and lung bacterial burden ( Figure 1C ) appeared to be stronger than the association between weight and lung bacterial counts ( Figure 1B) .
Hyperleptinemia, and not body weight, is independently associated with impairment of pulmonary neutrophilia in response to inhaled LPS exposure in obese mice. We have previously reported an inverse association between body weight and airspace neutrophilia following LPS-induced lung injury in mouse models of obesity (r 2 = 0.32, P = 0.02) (23) . To determine the relationship between obesity-associated hyperleptinemia and the neutrophil response following lung injury in this model, lavage neutrophil levels were compared with plasma leptin levels 24 hours after injury in obese and lean mice. We found a strong inverse association between bronchoalveolar lavage (BAL) neutrophil counts and plasma leptin levels (P = 0.0002) ( Figure 2 ). Furthermore, in multivariate analysis, including weight and plasma leptin levels, leptin remained significant (P = 0.021), whereas weight did not (P = 0.796). These results suggest that the previously reported defects in the pulmonary neutrophil response to LPS challenge in obese mice (23) may be driven by obesity-associated hyperleptinemia and not obesity per se.
Hyperleptinemia is associated with decreased plasma cytokine levels independent of body weight in both ARDS patients and obese mice following LPS-induced lung injury. As in obese patients with ARDS (22), murine obesity is associated with an attenuated release of inflammatory cytokines following LPS-induced acute lung injury (23) . To determine whether these relationships might reflect associations between hyperleptinemia and impaired cytokine response, we examined inflammatory cytokine levels in both the ALVEOLI cohort and our murine model of acute lung injury. We found that plasma IL-6 levels were inversely associated with circulating leptin levels independent of BMI (P = 0.047; n = 359) in the ALVEOLI cohort of ARDS patients, whereas IL-8 levels were not associated (P = 0.499; n = 362). In our obese mouse model of acute lung injury, an inverse association was found between plasma leptin levels and plasma IL-6 levels (P =0.01) ( Figure 3A ), whereas KC (a murine homologue of human IL-8) was not associated (r 2 = 0.0025; P = 0.88). Given the changes observed in airspace neutrophil counts in this mouse model following injury, we also examined the neutrophilic cytokine G-CSF and found it to be inversely associated with plasma leptin levels (P = 0.04) ( Figure 3B ). However, no association was found between body weight and IL-6 or G-CSF in this model ( Figure 3 , C and D). These results suggest that obesity-associated hyperleptinemia underlies the previously established associations between obesity and impaired cytokine response following lung injury.
A mouse model of isolated hyperleptinemia. To determine whether the association between hyperleptinemia and impaired pulmonary immune response could be causal, we developed a model of induced hyperleptinemia in the absence of obesity and other elements of the metabolic syndrome. In this model, lean mice received daily i.p. injections of PEGylated leptin, at a dose we previously titrated not to alter weight (2 μg), or PBS control for 14 days. Although plasma leptin levels were markedly elevated in leptin-treated mice compared with controls (123.54 ± 26.69 ng/ml vs. 5.07 ± 0.44 ng/ml at 14 days; P = 0.0022) -similar to those in uninjured obese vs. lean mice (98.39 ± 13.52 ng/ml vs. 23.71 ± 5.75 ng/ml; P = 0.0066) -no differences in mouse body weights nor food consumption were observed between these 2 groups during or after 14 days of treatment ( Figure 4 , A-C). Furthermore, both fasting glucose levels and cholesterol levels were decreased in the hyperleptinemic mice at baseline, whereas LDL levels were unchanged compared with control mice (Figure 4 , D-F), demonstrating that this model of induced hyperleptinemia does not cause glucose intolerance or hypercholesterolemia and may actually enhance metabolic control in these mice. These results are in line with previously published findings with leptin replacement therapy in hypoleptinemic lipodystrophy patients, in which it was demonstrated that administration of leptin not only leads to restoration of leptin levels, but also substantially reduces hyperglycemia and hyperlipidemia in these patients (41) . To determine whether this model of lean hyperleptinemia might have a proinflammatory effect, we assessed airspace and blood leukocyte counts, as well as inflammatory cytokine levels (KC, MCP-1, MIP-2, G-CSF, TNF-α, IL-1β, and IL-6) in uninjured leptin-treated and control mice. No differences were observed in blood or BAL leukocyte counts (Supplemental Figure 1 ) or cytokine levels (data not shown) between conditions. Pneumonia severity is increased in mice with isolated hyperleptinemia. To further determine whether the association between plasma leptin levels and pneumonia severity in the diet-induced obese mouse model represents causality and not the effects of other obesity-related factors, we next examined K. pneumoniae infection in our lean mouse model of hyperleptinemia. Whole lung bacterial CFU were significantly increased in the lungs of hyperleptinemic compared with control mice 48 hours after infection ( Figure 5A ), suggesting that pneumonia severity is increased in this model of lean hyperleptinemia and recapitulating our findings in obese mice. However, airspace neutrophil levels did not differ between lean hyperleptinemic and control mice at 48 hours after infection ( Figure 5B ). Interestingly, as leptin injections were stopped in the leptin-treated mice at the time of bacterial inoculation, plasma leptin levels were found to be similar between leptin-treated and control mice at the time of euthanasia, 48 hours after the last leptin dose was given (6.37 ± 1.89 ng/ml vs. 10.71 ± 3.12 ng/ml, P = 0.2665), suggesting that chronic hyperleptinemia may have a lasting effect on pulmonary host defense, even after circulating leptin levels fall to normal range.
LPS-induced airspace neutrophilia is attenuated in isolated hyperleptinemia. To determine whether the previously described effects of DIO on pulmonary neutrophil recruitment and cytokine response seen in our mice might be conferrable by isolated hyperleptinemia, we examined the inflammatory response to inhaled LPS in lean hyperleptinemic mice. BAL neutrophil counts were decreased in hyperleptinemic mice compared with control mice at 24 hours after lung injury ( Figure 6A ), and linear regression analysis showed a significant inverse correlation between BAL neutrophil counts and plasma leptin levels in these lung-injured mice ( Figure 6B ). In addition, BAL IL-6 levels were significantly decreased in the hyperleptinemic mice (Supplemental Figure 2 ). Unfortunately, plasma IL-6 and G-CSF levels were undetectable in both control and hyperleptinemic mice. These results are in line with our observations in the DIO mouse model.
Neutrophil function is impaired in isolated hyperleptinemia. As neutrophil function plays a critical role in the response to both respiratory infection and LPS-induced lung injury, we examined 2 aspects of neutrophil function in vitro using BM-derived neutrophils from uninjured lean hyperleptinemic and control mice. We observed impaired neutrophil chemotaxis toward chemokine KC (also known as CXCL1) and the chemotactic peptide N-formylmethionyl-leucyl-phenylalanine (fMLP) (Supplemental Figure 3A) , as well as impaired cytokine transcriptional response to in vitro LPS stimulation (Supplemental Figure 3B ). Taken together, these results suggest that hyperleptinemia may play an important role in suppressing the pulmonary inflammatory response, at least in part, through suppressive effects on neutrophil function.
Discussion
These analyses demonstrate a significant association between elevated circulating plasma leptin levels and increased risk and severity of respiratory infection in humans, independent of BMI and other established risk factors. These findings can be recapitulated in a mouse model of obesity, in which hyperleptinemia is associated with not only impaired pulmonary bacterial clearance, but also suppression of plasma inflammatory cytokines and attenuated pulmonary neutrophilia following LPS-induced inflammation. Finally, using a model of induced hyperleptinemia, these hyperleptinemia-associated effects can be replicated in the absence of obesity and other associated metabolic defects in mice.
A recent meta-analysis has confirmed the clinical association between increased BMI and risk of both bacterial and viral pneumonias in humans (11) . Studies in murine models of obesity and the metabolic syndrome have also shown that the defense against both bacterial and viral respiratory infections is profoundly attenuated (42, 43) . Evidence of obesity-associated impairment of the pulmonary innate immune response has recently been demonstrated in the context of acute lung injury/ARDS, as well (44) . Although obesity is associated with baseline increases in the same inflammatory cytokines that drive ARDS, counterintui- Figure 2 . Plasma leptin levels inversely correlate with airspace neutrophilia in LPS-injured lean and obese mice. Previously, we have reported that bronchoalveolar lavage (BAL) neutrophil counts and mouse body weight are inversely associated (r 2 = 0.32, P = 0.02) following LPS-induced lung injury in diet-induced obese mice (23) . We now compared BAL neutrophil counts and plasma leptin levels at 24 hours after LPS-induced lung injury in diet-induced obese (60% fat diet, n = 6) and lean (10% fat diet, n = 5) mice by linear regression. Dashed lines indicate 95% CI.
tively, obese patients have better survival from ARDS (45, 46) . Although discrete elements of the metabolic syndrome, including both diabetes and hypercholesterolemia, may contribute to obesity's effects on the pulmonary immune response (42, 47) , human and murine studies controlling for these comorbid conditions show that much of obesity's effects may be independent of these conditions (19, 20) , leaving the underlying mechanisms of this impairment poorly defined.
One of the hallmarks of obesity and the metabolic syndrome is a state of leptin resistance with persistent, markedly increased circulating leptin levels compared with lean subjects (27) . High leptin levels have also been observed in several nonobese conditions, including diabetes, pregnancy, and renal failure (28, 29) , making hyperleptinemia far more prevalent than obesity. Several studies have shown that leptin-deficient mice have impaired host defenses and that restoration of leptin levels in these mice can reverse this impaired response, indicating that leptin may be an important mediator of the pulmonary immunity (42, 47) . However, our data suggest that, not only leptin deficiency, but also extremely elevated leptin levels may impair the pulmonary host defense in both obesity-associated hyperleptinemia and isolated lean hyperleptinemia.
The effects of increased leptin levels on the immune response appear to be, in part, dependent on the acute or chronic nature of the exposure. In addition to states of chronic hyperleptinemia, such as obesity, leptin may also be elevated as an acute phase reactant (48) . Acute in vitro exposure to leptin has been shown to enhance immune cell function, such as monocyte and macrophage activation, phagocytosis, and cytokine secretion (42, 49, 50) . Additional work has shown that leptin acts as a neutrophil chemoattractant and an antiapoptotic (17, 51, 52) ; it also shows that not only the presence of leptin, but also intact leptin signaling, is important to maintain pulmonary host defense (17) . However, in multiple studies using mouse models of obesity, and thus presumed chronic hyperleptinemia, the obese milieu has a protective and antiinflammatory effect in induced acute lung injury, leading to an attenuated pulmonary inflammatory response (23, 53) . Furthermore, in studies of the association between lavage leptin levels in ARDS patients, the associations between high leptin levels and clinical outcomes appear to differ based on the context (54) . In nonobese patients (BMI < 30), high leptin levels (presumably acute) are associated with poor outcomes, whereas in the obese, high levels (most likely reflecting preceding, baseline hyperleptinemia) have no such association.
The attenuated inflammatory response that we report in both human ARDS patients and murine models of lung injury with hyperleptinemia suggests that such defects may underlie the demonstrated associations between high leptin levels and risk for and severity of pulmonary infections. Such associations have not previously been described and appear to be independent of comorbid conditions such as obesity and the metabolic syndrome, given our ability to recapitulate our findings in obese mice using a lean model of hyperleptinemia. Potential mechanisms underlying the associations between hyperleptinemia and blunted pulmonary immune response remain unclear. We have previously reported that obese ARDS patients have lower plasma levels of both IL-6 and IL-8 compared with lean patients with ARDS (22) , and our current study demonstrates that these associations may reflect the presence of obesity-associated hyperleptinemia in these patients -not obesity itself or other elements of the metabolic syndrome. This suggests that the hyperleptinemic state may underlie or at least contribute to the impaired inflammatory response seen in the obese. Such an inverse association between leptin and IL-6 has been previously demonstrated in patients with sepsis (55), and we describe similar effects in our mouse models of obesity and LPS-induced lung injury, in which not only circulating leptin levels were inversely associated with plasma IL-6 levels independent of weight, but also with plasma G-CSF and airspace neutrophil levels. These results suggest for the first time to our knowledge that the impaired inflammatory response seen in obese ARDS patients and obese mouse models of lung injury may be driven, at least in part, by the effects of obesity-associated hyperleptinemia, and further, that these effects may increase the susceptibility to and severity of pulmonary infection in the general population.
As leptin has previously been shown to behave as an acute phase reactant (48) , the possibility of "reverse causation" must be considered in several of the murine and clinical pneumonia studies presented, such that worsening inflammation and infection could drive plasma leptin elevation and not the other way around. In order to assess this possibility, we examined plasma leptin levels in both uninjured and K. pneumoniae-infected mice in our models and found them to be similar (5.08 ± 0.44 ng/ml vs. 6.37 ± 1.89 ng/ml, P = 0.5267), suggesting that infection does not significantly alter circulating leptin levels in this model, and arguing against reverse causation. Furthermore, in order to help discriminate between acute and chronic elevations in circulating leptin levels in our lean hyperleptinemia model, we held leptin injections after K. pneumoniae infection and observed that, despite comparable levels of plasma leptin between control and lean hyperleptinemic mice at 48 hours after infection (6.37 ± 1.89 ng/ml vs. 10.71 ± 3.12 ng/ ml, P = 0.2665), the leptin-treated mice had increased lung bacterial counts and, thus, worse infection (Figure 5A) , implying that it is the leptin level at the time of initial exposure to pathogen (prior to infection) that influences pneumonia severity. A similar dissection of possible reverse causation is not possible in our examinations of the ALVEOLI cohort, yet it is worth noting that all of the patients in the cohort had severe inflammation related to their precipitating cause of ARDS -most relevantly including the sepsis subset -but the relationship between mortality and leptin is only evident in the pneumonia subset. Furthermore, considering the NHANES cohort -given the relative relatively rare occurrence of respiratory infection on an annual basis -it is extremely unlikely that leptin elevation, as captured by the study, could be significantly influenced by such infections, making possibility of reverse causation quite low in these studies.
We have previously shown that neutrophils isolated from uninjured obese mice demonstrate functional defects, including impaired chemotaxis at baseline (23, 56) , that likely attenuate neutrophil recruitment to the lung early in the course of infection and contribute to the failure to contain infection in these mice. In the current study, we demonstrate similar functional defects in neutrophils isolated from lean hyperleptinemic mice, indicating that such defects may contribute to the failure to contain bacterial pneumonia in hyperleptinemic mice, as well, and further suggesting that the hyperleptinemic state itself may contribute to these defects in obesity. Given the noted hyperleptinemia-associated defects in neutrophil chemotaxis, and the witnessed impairment in airspace neutrophilia seen in hyperleptinemic mice after LPS exposure, it is interesting that BAL neutrophil levels in lean hyperleptinemic mice at 48 hours after K. pneumoniae infection were found to be similar to those seen in the infected control mice. We have recently shown that a similar phenomenon occurs in diet-induced obese mice after K. pneumoniae infection, in which BAL neutrophil levels are also similar compared with lean controls (56) despite finding impaired airspace neutrophilia following LPS in the obese mice. This parity in airspace neutrophil levels may reflect a compensatory response to worsening infection in the mice with failed bacterial clearance, such that additional neutrophil recruitment signals are released and neutrophils are recruited, though less effectively, as we have previously shown to be the case in obese db/db mice (17) . However, further examination of neutrophil recruitment kinetics in our model would be needed to assess this possibility.
There are potential limitations of our approach worth noting. Although standard for a large-cohort health survey study, NHANES III relied on self-reported incidents of respiratory infection, which may introduce some inaccuracy to the dataset. Despite this potential limitation, we found expected associations for previously reported risk factors of respiratory infection (e.g., smoking), suggesting that the cohort is sufficiently robust for such analyses. Both the NHANES and ALVEOLI study cohorts are historic datasets (enrolled in 1988-1994 and 1999-2002) and are thus likely to underrepresent obesity in the general population and the ICU, respectively, compared with its contemporary incidence in the US. Furthermore, in our efforts to understand hyperleptinemia's effects in the obese state, we must recognize that obesity is a complex disease and consists of a variety of metabolic alterations in addition to hyperleptinemia. To date, 2 elements of the metabolic syndrome, hyperglycemia and dyslipidemia, have been specifically shown to impair the response to bacterial pneumonia (57, 58) . In this context, it is important to note that the lean hyperleptinemic mouse model employed in these studies manifests no evidence of either hyperglycemia or dyslipidemia (Figure 4 ), suggesting that the influence of hyperleptinemia on bacterial burden in the lung is independent of (and likely additive to) these metabolic factors. Lastly, although the results from our mouse model of lean hyperleptinemia (a gain-of-function approach) are strongly suggestive of a causative role of leptin in our findings, further studies as yet unperformed examining the effects of leptin inhibition in hyperleptinemic conditions (loss-of-function) could further strengthen support for our hypothesis that hyperleptinemia drives immune defects predisposing to respiratory infection. In that light, the lack of such complimentary loss-offunction studies is a limitation of the current study.
In summary, the data presented provide evidence that the observed effects of obesity on respiratory infection might be attributable to increased systemic leptin levels independent of other metabolic and mechanical factors. The finding that obesity-associated hyperleptinemia, and not body mass per se, is an important factor in maintenance of pulmonary host defenses is a critical step toward understanding the complex mechanisms underlying increased susceptibility to and mortality from respiratory infections in the obese and other hyperleptinemic populations.
Methods
Human data analysis. The NHANES III database was used to test the association of serum leptin levels to self-reported infections in a representative sample of noninstitutionalized adults. NHANES is an ongoing data collection of the US Centers for Disease Control (http://www.cdc.gov/nchs/nhanes.htm). Each sample is composed of subjects randomly selected from the US population using a stratified sampling scheme. Consenting subjects submit to an extensive interview, examination, and collection of blood.
NHANES III subjects were interviewed between 1988 and 1994. Eligible subjects included adults aged 18 years or older at the time of the interview who provided data for all the outcomes and potential confounders and had leptin measures reported. Upper respiratory infection (URI) was coded as the answer to the question, "In the past 3 weeks, have you had any respiratory infections, such as flu, pneumonia, bronchitis, or a severe cold?" Pneumonia was coded as the answer to the question, "During the past 12 months, have you had…pneumonia?" The primary outcome measure, respiratory infection, was created by combining the responses to URI and pneumonia. Subjects who reported one or more pneumonias in the last year, one or more URIs in the past 3 weeks, or both were coded as positive.
Variables with the theoretical ability to confound the relationship between leptin and infection because of their known or suspected association with leptin were selected (age, sex, race [white or nonwhite], education [number of years of school], income [above or below $20,000 per year], marital status [currently married or living as married], BMI [measured by trained research staff], smoking status [current smoker vs. former or never smoker], diabetes ["Other than during pregnancy, has a doctor ever told you that you have diabetes or sugar diabetes?"], glycated hemoglobin A1C, and estimated creatinine clearance (59) .
Alveoli. Patients with ARDS in our study participated in an randomized control trial (RCT) of lower versus higher positive-end respiratory pressure, and these patients also received 6 cc/kg tidal volume. Details of this RCT are described elsewhere (40) . Briefly, patients were eligible if they required mechanical ventilation and met criteria for acute lung injury according to the American-European Consensus Conference (AECC) definition (60) . Patients with body weight greater than 1 kilogram per centimeter of height were excluded. For each participant, an Acute Physiology and Chronic Health Evaluation (APACHE) score during the 24 hours following ICU admission was calculated, and the physician investigator identified the primary risk factor for the development of acute lung injury (ALI; sepsis, trauma, pneumonia, aspiration, multiple transfusions, or other) as previously described (61) .
Human cytokine analysis. In the NHANES study human serum leptin levels (after an overnight fast) were determined by radioimmunoassay with a polyclonal antibody raised in rabbits against highly purified recombinant leptin (US Department of Health and Human Services [DHHS] National Center for Health Statistics 2001). Serum IL-6 and leptin levels in samples from the ALVEOLI study were determined by ELISA (both Quantikine, R&D Systems) according to manufacturer's protocol.
Animals. Eight-to 12-week-old female C57Bl/6 mice (Harlan) were fed high-vs. normal-fat chow (60% vs. 10% fat; Research Diets) for 20 weeks or i.p. injected with PEGylated leptin (2 μg in 200 μl PBS) (62) or PBS control (200 μl) daily for 14 days. Mouse weights and food intake were monitored, and daily and average food intake was calculated per mouse. Animals were housed in the animal facilities at the Uni- versity of Vermont, and all experimental animal procedures were approved by the University of Vermont Institutional Animal Care and Use Committee.
Murine exposures. Murine K. pneumoniae (43816 serotype 2, ATCC, 2 × 10 3 CFU) infections were performed by oropharyngeal (o.p.) aspiration, as described (63) . Lipopolysaccharide lung injury was induced by nebulized LPS (E. coli 0111:B4, Sigma-Aldrich), as described (23) .
Murine lung analysis. Airspace lavage cell counts and cytokine levels, as well as bacterial CFU where appropriate, were determined at 48 hours (K. pneumoniae) and 24 hours (LPS) after exposure (17) .
Murine cytokine analysis. Murine IL-1β, IL-6, KC, MCP-1, TNF-α, and G-CSF levels in plasma and BAL were assessed using a Bio-Plex suspension array system (Bio-Rad), as previously described (23) . Plasma and BAL leptin concentrations were measured by ELISA (mouse leptin Quantikine, R&D Systems) (at 12 hours following the last leptin injection for baseline levels) according to manufacturer's protocol.
Murine blood glucose and cholesterol determination. Fasting blood glucose levels were determined after an overnight fast by a glucometer (Nipro Diagnostics). In addition, plasma LDL and cholesterol levels were assayed using an Advia Chemistry System (Siemens) (64) .
Preparation of morphologically mature murine BM neutrophils. Mature BM neutrophils were isolated using a 3-step Percoll gradient as previously described (65) .
Neutrophil chemotaxis. Chemotaxis of BM-derived neutrophils was assayed in response to KC (R&D Systems) and fMLP (Sigma-Aldrich) using a 48-well modified Boyden chamber with 5-μm pore polycarbonate membranes (both NeuroProbe Inc.), as previously described (17, 66) .
Cytokine transcription. BM-derived neutrophils were stimulated with LPS (100 ng/ml) for 4 hours at 37ºC, and IL-1β, KC, TNF-α, and MIP-2 expression levels were determined by quantitative PCR using SYBR universal PCR master mix and the ABI PRISM 7700 sequence detection system (Thermo Fisher Scientific) and analyzed as described in online supplement. Expression levels were analyzed using the cycle threshold (ΔΔCt) method and normalized to peptidylprolyl isomerase A (pPia) expression. A taqman AOD primer was used for pPia (Invitrogen). LPS-stimulated neutrophil cytokine expression levels were reported as the fold change over unstimulated neutrophil expression levels. The following primer sequences were used for IL-1β: GCCCATCCTCTGTGACTCAT and AGGCCACAGGTATTTTGTCG; for KC: GCT-GGGATTCACCTCAAGAA and TGGGGACACCTTTTAGCATC; for TNF-α: GAACTGGCAGAA-GAGGCACT and AGGGTCTGGGCCATAGAACT; and for MIP-2: AGTGAACTGCGCTGTCAATG and TTCAGGGTCAAGGCAAACTT.
Statistics. Analyses of the data derived from the NHANES III database were performed by univariate linear regression in order to confirm that each of the potential confounders was associated with the independent variable (serum leptin level). Thereafter, univariate logistic regression analysis was used to assess the relationships between the potential confounders and respiratory infection. Those that were associated with both the predictor and the outcome with P < 0.1 were retained in an adjusted multivariate logistic model. The adjusted OR, 95% CI, and P value was calculated for each retained variable, and a P value less than 0.05 was accepted on the OR for leptin as evidence of statistical significance. NHANES analyses were performed with SAS software.
When analyzing ARDSNet data, leptin data were natural log-transformed due to nonnormal distribution. Univariate analysis were performed with linear or logistic regression for continuous and categorical variables, respectively. Multivariable linear and logistic regressions with robust standard errors were used to evaluate the associations between leptin and our dependent variable of interest (IL-6) with adjustment for confounders. In our multivariable models, BMI and APACHE score were fit as a linear continuous variable. Inflammatory biomarker levels were natural log-transformed due to nonnormality. Sex and comorbid diabetes were dichotomous, and risk factor for ALI was fit as an indicator variable. All analyses were performed with Stata 9.0 or greater. Statistical significance was defined as a 2-sided P value less than or equal to 0.05.
Murine data were represented as mean, and analysis of differences between experimental groups was performed by Student's t test. Differences between mouse weights and food intake over time between 2 groups were analyzed by repeated measures ANOVA. Correlations between murine plasma leptin levels or weight and lung CFU levels, BAL neutrophil counts, and plasma cytokine levels were analyzed by linear regression. All analyses were performed using Prism 6 software (GraphPad). Results with P less than or equal to 0.05 were considered statistically significant.
Study approval. The study protocol for the ARDSNet/ALVEOLI study was previously approved by IRBs of the University of Vermont and was conducted in accordance with the Declaration of Helsinki. All participants provided written informed consent prior to their participation in the study. All animal experiments were performed in accordance with and approved by the University of Vermont Institutional Animal Care and Use Committee.
